The Hippo pathway regulates cell differentiation, proliferation, and apoptosis. Upon activation, it inhibits the import of the transcriptional coactivator yes-associated protein (YAP) into the nucleus, thus suppressing transcription of proproliferative genes. Hence, dynamic and precise control of the Hippo pathway is crucial for organ size control and the prevention of tumor formation. Hippo signaling is controlled by a growing number of upstream regulators, including WW and C2 domain-containing (WWC) proteins, which trigger a serine/threonine kinase pathway. One component of this is the large tumor suppressor (LATS) kinase, which phosphorylates YAP, trapping it in the cytoplasm. WWC proteins have been shown to interact with LATS in vitro and stimulate its kinase activity, thus directly promoting cytoplasmic accumulation of phosphorylated YAP. However, the function of the WWC proteins in the regulation of cell proliferation, organ size control, and tumor prevention in vivo has not yet been determined. Here, we show that loss of hepatic WWC expression in mice leads to tissue overgrowth, inflammation, fibrosis, and formation of liver carcinoma. WWC-deficient mouse livers display reduced LATS activity, increased YAP-mediated gene transcription, and enhanced proliferation of hepatic progenitor cells. In addition, loss of WWC expression in the liver accelerates the turnover of angiomotin proteins, which act as negative regulators of YAP activity. Conclusion: Our data define an essential in vivo function for WWC proteins as regulators of canonical and noncanonical Hippo signaling in hepatic cell growth and liver tumorigenesis. Thus, expression of WWC proteins may serve as novel prognostic factors in human liver carcinoma. (HEPATOLOGY 2018;67:1546-1559 T he appropriate balance between cell proliferation, cell differentiation, and regulated apoptosis is essential for the coordination of tissue and organ growth in higher organisms. This balance is achieved through various intracellular control mechanisms, including the highly conserved Hippo pathway.
T he appropriate balance between cell proliferation, cell differentiation, and regulated apoptosis is essential for the coordination of tissue and organ growth in higher organisms. This balance is achieved through various intracellular control mechanisms, including the highly conserved Hippo pathway. (1) In Drosophila melanogaster, induction of the Hippo kinase (known as mammalian sterile 20-like kinase [MST] in mammals) activates phosphorylation of Warts (known as large tumor suppressor [LATS] in mammals) kinase, which in turn phosphorylates the cotranscription activator Yorkie (ortholog of mammalian yes-associated protein [YAP] ), thus preventing its uptake into the nucleus. (2) Conversely, inhibition of Abbreviations: Alb, albumin; AMOT, angiomotin; BEC, biliary epithelial cell; cDNA, complementary DNA; Cre, creatinine; DAPI, 4',6-diamidino-2-phenylindole; dKO, double knockout; EGFP, enhanced green fluorescent protein; HNF4a, hepatocyte nuclear factor 4a; Ki67, Kiel 67; KRT19, cytokeratin 19; LATS, large tumor suppressor; Mcp-1, monocyte chemoattractant protein 1; MOB, Mps-one-binder; mRNA, messenger RNA; MST, mammalian sterile 20-like kinase; NF2, neurofibromatosis type 2; PCR, polymerase chain reaction; qRT-PCR, quantitative reverse-transcriptase polymerase chain reaction; SOX9, sex determining region Y-box 9; WWC, WW and C2 domain-containing protein; YAP, yes-associated protein; YTH, Yeast-Two-Hybrid.
Hippo signaling results in translocation of Yorkie/YAP into the nucleus, where it triggers transcription of genes that enhance cell proliferation and suppress apoptosis. Consequently, perturbation of Hippo signaling can lead to tissue overgrowth and tumorigenesis. (3, 4) Members of the WW and C2 domain-containing (WWC) protein family were recently shown to regulate Hippo signaling upstream of Hippo/MST kinase. Furthermore, upon binding and activation of LATS kinase, they indirectly promote phosphorylation of YAP and repressing its cotranscriptional activity. (5) This interaction requires the two aminoterminal WW domains of the WWC proteins as well as the PPxY motifs in the LATS kinase. (6, 7) Invertebrates, including D. melanogaster, only express the founder member of the WWC family, Kibra. In contrast, most mammals express three WWC proteins, WWC1, WWC2, and WWC3, all of which have similar functions in Hippo signaling. (5, 8) However, Mus musculus is an exception insofar as the WWC3 gene has been lost during evolution. (9) Tissue-specific ablation of Kibra expression in D. melanogaster was shown to lead to enhanced cotranscriptional activity of Yorkie and subsequent overgrowth of organs such as eyes or wings. (10) Although recent reports suggest an association between aberrant WWC1 expression and the emergence of different cancers (e.g., colon carcinoma, breast carcinoma) in humans, (11) the in vivo function of the mammalian WWC proteins in terms of cell fate determination, cell proliferation, and organ growth control remains largely unclear.
Here, we report the phenotype of a liver-specific WWC1/WWC2 double knockout (dKO) mouse line. Combined loss of WWC1 and WWC2 expression leads to hepatomegaly, inflammation, and fibrosis, and ultimately to the development of liver carcinomas. This process involves hepatocyte transdifferentiation, enhanced proliferation of progenitor cells, and decreased canonical Hippo signaling activity. Moreover, we could show that the intracellular protein levels of angiomotins (AMOTs), actin-binding proteins that inhibit YAP cotranscriptional activity, (12, 13) were reduced in dKO mouse livers. Thus, we provide novel evidence that WWC proteins control Hippo signaling and cell proliferation in mouse liver through canonical and noncanonical pathways.
Material and Methods

MOUSE STRAINS
Animal experiments were performed in accordance with national guidelines and were approved by the local authorities of North Rhine-Westphalia, Germany. Generation of knockout mice is described in the Supporting Information.
GENOTYPING
Tissues for genotyping of mice were lysed in DirectPCR-Tail Lysis buffer (Peqlab/VWR, Germany) containing Proteinase K (Qiagen) for 12 hours at 56 8C. Proteinase K was heat-inactivated for 5 minutes at 95 8C. Lysates were centrifuged at 14,000g for 10 minutes, and the supernatants were used for genotyping by way of polymerase chain reaction (PCR). The primers and their localization/position are listed in Supporting Table S1 .
TISSUE STAINING, IMMUNOHISTOCHEMISTRY, IMMUNOFLUORESCENCE, AND TRANSMISSION ELECTRON MICROSCOPY
Detailed protocols and information about the used antibodies are provided in the Methods section of the Supporting Information.
ARTICLE INFORMATION:
From the 1 
IN SITU HYBRIDIZATION
To generate PCR-derived antisense RNA probes, PCR-amplified fragments of the mouse WWC1 (GenBank NM_170779, bp 129-476) and WWC2 (GenBank NM_ 133791, bp 3074-3423) genes were produced by way of reverse-transcriptase PCR using mouse complementary DNA (cDNA) as a template. To enable the synthesis of antisense transcripts, a T7 promoter was artificially introduced at the 5 0 end of each gene-specific downstream primer. Similarly, an SP6 promoter was inserted at the 5 0 end of each upstream primer to allow the synthesis of sense transcripts. Subsequently, PCR fragments were gel-purified (Qiagen) and used as a DNA template for in vitro transcription. Dig-UTPs incorporation was performed using a Dig RNA labeling kit (Roche). In situ hybridization was performed as described previously. (14) RNA ISOLATION AND QUANTITATIVE REVERSE-TRANSCRIPTASE PCR Total RNA was isolated from 20-mg samples of shredded liver tissue using the GenElute Mammalian total RNA Miniprep Kit (Sigma Aldrich) according to the manufacturer's instructions. cDNA was synthesized using the Superscript III Reverse Transcriptase kit (Invitrogen). SYBR Green (Applied Biosystems) dye-based quantitative reverse-transcriptase PCR (qRT-PCR) was performed by the core facility genomik (University Hospital M€ unster, Germany) using CFX384 Touch (Biorad). The used primers are listed in Supporting Table  S2 . Each cDNA sample was measured in triplicate, and the data are expressed relative to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase. The samples from control and dKO mice were compared using the comparative C T method (2 
PLASMIDS
For transfection studies or yeast-two-hybrid assays, cDNA sequences for human WWC1 and WWC2, AMOT p130, AMOT p80, AMOTL1, AMOTL2, ubiquitin, and YAP2 were cloned into pINDUCER-21-Puro, V180-3xFlag, (5) pRK5-HA (Addgene #17608), pEGFP-C2, pmCherry, pACTII, or pAS2-1 (Clontech), respectively. (Cloning details are available upon request.)
LENTIVIRAL TRANSDUCTION AND GENERATION OF INDUCIBLE CELL LINES
The established lentiviral pINDUCER system (16) was used for generation of stable, doxycyclineinducible cell lines that overexpress WWC1 or WWC2 as described previously. 
YEAST-TWO-HYBRID ASSAY
A yeast-two-hybrid system was used as described previously. (5) In brief, Y190 yeast cells were cotransformed with the appropriate bait/prey constructs. Direct interactions of recombinant fusion proteins were detected by the growth of transformed cells on selective media and by b-galactosidase filter (LacZ) assays.
STATISTICAL ANALYSIS
Graphing and statistical analysis (paired two-tailed Student t test) were performed using GraphPad Prism 5 software.
Results
EXPRESSION OF WWC1 AND WWC2 IN HEPATIC CELLS
Liver-specific knockout of upstream regulators such as Salvador, neurofibromatosis type 2, Mps-onebinder, or AMOT in mice has already elucidated their role in Hippo signaling, organ size control, and liver tumorigenesis. (17) (18) (19) (20) To study the hepatic function of the WWC proteins in this context, we used messenger RNA (mRNA) in situ hybridization. Our experiments revealed that in mouse liver, WWC1 and WWC2 mRNAs are expressed in single, scattered cells that probably represent parenchymal hepatocytes and stellate cells (Supporting Fig. S1A, arrowheads) . However, the highest relative expression of WWC1 and WWC2 was detected in periportal hepatocytes and small hepatic cells surrounding the portal vein (Supporting Fig. S1A ). Interestingly, this expression pattern is very similar to the spatial gradient of YAP cotranscriptional activity seen within the hepatic lobule, in which the highest YAP activity is found close to portal triads. (21) Furthermore, our in situ hybridization results are consistent with earlier proteomic data for mouse liver, which indicated that WWC1 and WWC2 proteins are found in hepatocytes, Kupffer cells, liver sinusoidal endothelial cells, hepatic stellate cells, and cholangiocytes (22) (Supporting Fig. S1B ).
LIVER-SPECIFIC KNOCKOUT OF WWC1 AND WWC2 EXPRESSION LEADS TO ORGAN OVERGROWTH
A ubiquitous knockout of WWC1 in mice has no significant effect of gene inactivation on liver growth and/or function. (23) In addition, more recent proteomic data (22) and our in situ hybridization data (Supporting Fig. S1A ) show that WWC2 is the prominent WWC isoform in the liver. We speculated that WWC2 might be more critical than WWC1 for Hippo pathway activity and hepatic cell proliferation. Therefore, we generated a transgenic mouse line with a liver-specific knockout of WWC2. (24, 25) The presence of Cre expression cassettes, the floxed exon 2 within the WWC2 gene, and Cre-mediated deletion of the WWC2 alleles were verified by genotyping via PCR analysis of DNA from ear or liver tissue (Supporting Fig. S2B-D) . Because the albumin promoter is not active in all liver cell types, weak signals from floxed WWC2 alleles were still detectable in genomic DNA isolated from livers dissected from Alb-Cre-positive animals (Supporting Fig.  S2D) . Surprisingly, WWC2 ablation had no obvious effect on either the histology or the size of the liver compared with Alb-Cre-negative control animals (Supporting Fig. S3 ). These findings suggest that in mice, a liver-specific loss of only one member of the WWC family can be compensated by the other WWC protein.
Therefore, we next crossed the Alb-Cre/WWC2 fl/fl animals with WWC1 fl/fl mice (23) to generate a liverspecific dKO of both WWC1 and WWC2. In situ hybridization analysis of dKO liver sections demonstrated the almost complete loss of WWC1 and Compared with control animals (Alb-Cre-negative), 3-month-old dKO mice exhibited a significant liver overgrowth and a corresponding increase in liver weight relative to total body weight (control, 4.67% 6 0.74%; dKO, 6.78% 6 0.63%; Fig. 1A,B) . In 6-month-old dKO animals, unlike the controls, this ratio was further increased (control, 4.64% 6 0.3%; dKO, 7.27% 6 1.33%; Fig. 1B ).
Hematoxylin and eosin staining of liver sections from dKO mice showed a massive enrichment of small cells at portal triads (Fig. 1C, upper panels) . In addition, we detected a malformation of the portal triads with an increase of ductal structures, whereas the arrangement of hepatic cells close to the central vein appeared normal. Sections stained with Picrosirius Red, which permits detection of collagen fibers as a marker for fibrosis, revealed the presence of fibrotic areas close to portal triads and in periportal zones in livers from dKO mice but not in control animals ( The WWC proteins are known regulators of cell polarity in vitro. (26) However, livers from 6-month-old dKO mice do not show obvious alterations in canalicular morphology (detected through staining of the tight junction marker ZO-1), hepatocyte ultrastructure, and hepatic plate thickness (Supporting Fig. S6 ). These findings suggest that loss of WWC proteins alters hepatic cell differentiation and proliferation but does not significantly change the overall polarity of hepatocytes.
PROLONGED LOSS OF WWC1 AND WWC2 EXPRESSION LEADS TO TUMOR FORMATION IN THE LIVER
Recent studies have revealed that a knockout of core components of the Hippo pathway leads to a massive proliferation of hepatic progenitor cells, which give rise to overt liver carcinomas within several weeks. (3, 27) Interestingly, it was also shown that liver-specific inactivation of any of several upstream regulators of Hippo signaling also triggers proliferation of immature biliary epithelial cells (BECs). However, in these cases, the appearance of liver carcinoma was delayed in the transgenic animals. (17) (18) (19) To determine the long-term effect of double WWC1/WWC2 ablation on liver tumorigenesis, we analyzed 12-month-old dKO mice. Compared with the 6-month-old mice, the livers from 12-month-old dKO animals were further enlarged ( Fig. 2A,B) . Indeed, their mean liver/body weight ratio was approximately 5-fold higher than that of the controls (control, 4.4% 6 0.17%; dKO, 25.78% 6 7.02%; Fig. 2B ). In addition, the 12-month-old dKO mice had numerous liver tumors ( Fig. 2A) . Periodic acid-Schiff staining identified cells with enlarged, atypical nuclei in these tumors, as well as irregular arrangements of hepatocytes that are characteristic for hepatocellular carcinoma (28) (Fig. 2C, upper panels) . Staining of dKO liver sections with Picrosirius Red further showed that the border between each tumor and normal liver tissue was made up of a collagen-rich capsule (Fig. 2C, lower  panels) . These fibrotic capsules together with the presence of cytokeratin 19 (KRT19)-positive BECs in gland-like structures (Fig. 2D ) are frequently found in cholangiocarcinoma and indicate that tumor formation in the dKO mice was at least partly initiated by hyperproliferation of hepatic progenitor cells of the BEC lineage. (28) Thus, tumors in dKO livers displayed characteristics of both hepatocellular carcinoma and cholangiocarcinoma and therefore may represent an intermediate tumor phenotype. (17) 
HEPATIC CELL PROLIFERATION AND HEPATOCYTE TRANSDIFFERENTIATION IN WWC-DEFICIENT LIVERS
The existence of immature bile ducts in dKO livers might be indicative for a defect in BEC maturation and proliferation control, which can lead to tumor formation (29) (Figs. 1C and 2C,D) . To analyze this in more detail, we used immunofluorescence staining to monitor the presence of various cell-specific marker proteins in liver sections from 6-month-old control and dKO animals. First, we verified the putative increase in the fraction of proliferating cells in the latter group by incubating the specimens with antibodies directed against the proliferation marker Kiel 67 (Ki67). We detected only very few cells positive for Ki67 and the hepatocyte marker hepatocyte nuclear mouse livers dissected at the age of 3 months (upper panels) and 6 months (lower panels). Scale bars: 10 mm. (B) Liver weight plotted as a percentage of total body weight of control and dKO mice at the age of 3 months (n 5 7) and 6 months (n 5 6) indicated increased organ weight in dKO mice. (C) Hematoxylin and eosin staining (upper panels) of liver sections from 6-month-old control and dKO mice reveals malformation of portal triads and increase in the number of small cells in the periportal zone in dKO livers. Picrosirius Red staining (lower panels) shows collagen-rich, fibrotic areas in dkO livers predominantly located close to portal triads. Scale bars: 500 mm (insets: 50 mm).
factor 4a (HNF4a) in both wild-type and dKO livers, indicating that the amount of proliferating hepatocytes was not altered after loss of WWC expression (Fig.  3A) . Next, we turned to the A6 antigen as a marker for cells of the BEC lineage. In dKO livers, a pronounced increase in the number of A6-positive cells was observed, indicating an enhanced proliferation of immature BEC-like cells (Supporting Fig. S7 ). These findings were confirmed by detection of an enlarged population of (sex determining region Y)-box 9 (SOX9)-positive cells in the dKO liver (Fig. 3B) . SOX9 is known to be expressed not only in mature BECs but also in proliferating progenitor cells of the ductal plate, which give rise to bile ducts in the developing liver.
(30) Consistently, we detected an increased population of SOX9-and Ki67-coexpressing cells in dKO livers compared with control organs (Fig. 3B) .
To obtain further evidence that most of the proliferating cells belong to the BEC lineage, we employed qRT-PCR to determine the mRNA expression level of marker genes specific for the different hepatic cells types. Indeed, expression of the BEC lineage marker genes Krt19, Hnf1b, and Sox9 was significantly upregulated in total mRNA from dKO livers relative to control tissues (Fig. 3C) . In contrast, levels of mRNAs encoding for the hepatocyte-specific marker proteins Hnf6 and Hnf4a were not significantly changed. This suggests that the liver overgrowth observed in dKO mice is the consequence of a markedly increased proliferation of BEC-like progenitor cells.
HEPATIC WWC KNOCKOUT IS ASSOCIATED WITH DECREASED HIPPO SIGNALING AND ENHANCED YAP-MEDIATED GENE TRANSCRIPTION
Next, we assessed the impact of hepatic WWC knockout on LATS and YAP phosphorylation as Liver sections from a 12-month-old dKO mouse were stained with antibodies against the marker protein KRT19, which is found in BEC-derived cells in the fibrotic capsule (upper panels) and in gland-like structures within the tumor (lower panels). Scale bars: 500 mm (insets: 50 mm). indicators of Hippo signaling activity. As expected, the protein levels of WWC1 and WWC2 were largely diminished in liver lysates from dKO mice (Fig. 4A) . Moreover, although the overall amounts of LATS and YAP were essentially unaltered, the level of phosphorylation of both proteins was reduced (Fig. 4A) , suggesting that a lower kinase activity of LATS is reflected in the localization of a higher proportion of unphosphorylated YAP in the nucleus. Indeed, immunohistochemical (Fig. 4B) and immunofluorescence (Fig. 4C) analyses of liver sections from dKO mice confirmed an increase of cells with nuclear YAP compared with control sections in which YAP displayed a mainly cytoplasmic localization in hepatic cells. As mentioned earlier, the cotranscriptional activity of YAP in the liver is known to be highest in periportal hepatocytes and biliary cells and lowest in the area close to the central vein.
(21) Accordingly, nuclear YAP localization in the dKO livers was found only in periportal cells (Fig. 4B,C) .
After its import into the nucleus and interaction with TEA domain transcription factors, YAP induces the expression of a subset of target genes that enhance cell proliferation. (31) qRT-PCR analyses of total RNA isolated from liver tissues demonstrated that, in dKO livers, YAP cotranscriptional activity was increased, as expression levels of the known YAP target genes Baculoviral IAP-repeat-containing (Birc) 5, connective tissue growth factor (Ctgf), cysteine-rich angiogenic inducer (Cyr) 61, Sox4, and Amotl2 were clearly enhanced compared with control tissues (Fig. 4D) .
Recent reports have demonstrated that a crosstalk between Hippo and Notch signaling plays a crucial role in liver homeostasis and hepatic diseases including fibrosis. (32) Because the Notch signaling pathway is also known to be involved in normal bile duct development, transdifferentiation of hepatocytes, and induction of liver fibrosis, (33) we tested the effect of WWC gene ablation on the expression of Notch target genes in the liver using qRT-PCR analyses. Interestingly, we detected an increase in the transcription of hairy ears, Y-linked (Hey) 1, hairy and enhancer of split (Hes) 1, and jagged (Jag) 1 mRNA expression in dKO livers (Fig. 4E) . This is compatible with YAP-mediated activation of Notch signaling, which would be expected to promote hepatocyte transdifferentiation and proliferation of hepatic progenitor cells and thus initiation of liver fibrosis.
ENHANCED INFLAMMATION IN LIVERS FROM dKO MICE
Recent reports have shown that chronic inflammation is crucial to drive YAP-mediated hepatocyte transdifferentiation and hyperproliferation of immature progenitor cells into a tumor-promoting process. (34, 35) In the mouse liver, the YAP paralog transcriptional coactivator with PDZ-binding motif (TAZ) controls the expression of the chemokine Indian hedgehog (Ihh) that activates hepatic stellate cells via the Hedgehog pathway and promotes their differentiation into inflammatory myofibroblasts. (35) Indeed, our qRT-PCR analysis revealed an increase in the expression of Ihh, the myofibroblast markers Desmin (Des) and Acta2 (encoding a-smooth muscle actin) as well as the inflammation-associated transforming growth factors (TGF) b2 and b3 in livers from dKO mice (Fig. 5A) . Enrichment of activated myofibroblasts in dKO livers was confirmed by immunofluorescence detection of asmooth muscle actin-positive cells (Fig. 5B) .
Next, we analyzed the expression of the monocyte chemoattractant protein (Mcp-1) in dKO livers. Mcp-1, which was recently identified as a novel YAP target gene, is secreted from hepatocytes and induces the recruitment of inflammatory macrophages into the liver, thus forming a protumoral microenvironment. (36) Indeed, we determined an enrichment of macrophages positive for the marker F4/80 (Fig. 5C ) and a massive up-regulation of Mcp-1 expression in livers from 6-month-old dKO mice (Fig. 5D) . Because F4/80 staining cannot distinguish between resident hepatic macrophages (Kupffer cells) and infiltrated monocytederived macrophages, we next determined the expression of marker genes specific for infiltrating polarized macrophages of the M1 or the M2 subtype, respectively. (37, 38) Compared with controls, mRNA levels of inducible nitric oxide synthase and interferon-c (for M1 macrophages) as well as Ym1 and Fizz-1 (for M2 IFN-c) as well as the M2-polarized macrophage marker genes Ym1 and Fizz-1 were significantly increased in dKO livers as determined by qRT-PCR analysis. Values represent the mean (n 5 4) with standard deviation as error bars (Student t test). *P < 0.05; ***P < 0.001. Abbreviations: Tgfb2, transforming growth factor beta-2; Tgfb3, transforming growth factor beta-3. macrophages) were highly increased in livers from 6-month-old dKO mice (Fig. 5D ). These data indicate that enhanced YAP cotranscriptional activity in dKO livers induces expression of secreted signaling molecules (e.g., Ihh, Mcp-1) that may activate myofibroblasts and force infiltration of inflammation-associated macrophages into the liver.
NONCANONICAL HIPPO PATHWAY REGULATION OF WWC PROTEINS DUE TO A STABILIZATION OF AMOT PROTEINS
Do the WWC proteins regulate hepatic Hippo signaling and YAP cotranscriptional activity at different, canonical, and noncanonical sites? Among the analyzed YAP target genes in our dKO model system, Amotl2 attracted our particular attention, because all three members of the AMOT family (AMOT, AMOTL1, and AMOTL2) are known to act as noncanonical regulators of Hippo signaling. (12) AMOTs inhibit the nuclear function of YAP by retaining it in the cytosol. (13) Interestingly, an earlier proteomic approach demonstrated strong similarity between the expression patterns of WWC proteins and AMOTs in different types of hepatic cells (22) (Supporting Fig.  S8A ). Furthermore, AMOT p130, but not the shorter isoform AMOT p80 lacking the WW domain binding motif, was recently identified as a WWC1-binding protein. (39) However, the functional role of this protein-protein interaction has yet to be clarified.
Expression analyses revealed that mRNA levels of all three AMOTs were increased in dKO livers compared with controls ( Fig. 4D and Supporting Fig. S8A ), indicating that in the absence of WWC, accumulation of nuclear YAP induces transcription of genes for all AMOT family members. Strikingly, although their transcription was increased, Western blot analysis demonstrated a significant decrease of AMOTL2 and AMOTL1 protein levels in dKO liver lysates (Fig. 6B ). For AMOT, the level of the p130 isoform was also decreased, whereas the p80 isoform was more prominent in dKO liver lysates than in controls (Fig. 6B) .
To further elucidate the molecular interplay between WWC1/WWC2 and the AMOT proteins, we determined their binding characteristics using a yeast-twohybrid assay. These experiments demonstrated a direct interaction between each of the WWC proteins and AMOTL1 (Supporting Fig. S8B ). However, this interaction was abolished by either mutating both WW domains of WWC1 (WWC1DWW) or all three L/PPxY motifs within the AMOTL1 protein (AMOTL1-mut). Furthermore, WWC1 was shown to interact with AMOTL2 and AMOTp130, but not with AMOT p80 (Supporting Fig. S8B ). In addition, indirect immunofluorescence studies in transfected CV1 cells revealed a partial colocalization of WWC1 and AMOTL1 as well as a formation of an intracellular tripartite protein complex containing WWC1, AMOTL1, and YAP2 (Supporting Fig. S8C) .
Previous studies have shown that E3 ubiquitin ligases of the Nedd4 family bind (through their WW domains) to AMOTs and target them for proteasomal degradation. (40) Based on this observation, we analyzed the effect of WWC1 and WWC2 on AMOT degradation in a doxycycline-inducible HEK293T cell system. Because HEK293T cells mainly express AMOTL1, we measured the protein level of this AMOT family member. Induction of WWC1 and WWC2 overexpression in HEK293T cells correlated with a parallel increase in endogenous AMOTL1 ( Fig.  6C and Supporting Fig. S9 ). Because Hippo signaling is increased and YAP cotranscriptional activity is concomitantly decreased after WWC1 or WWC2 overexpression in this cells, (5) the rise in steady-state amounts of endogenous AMOTL1 is more likely to result from impaired AMOTL1 turnover than from enhanced transcription of its coding gene. To verify this hypothesis, we studied the stability of AMOTL1 in HEK293T cells treated with the protein synthesis inhibitor cycloheximide. In the presence of overexpressed WWC1 containing mutated WW domains (unable to bind to AMOTL1; Supporting Fig. S8B ), the level of endogenous AMOTL1 was markedly reduced 2 hours after cycloheximide treatment (Fig.  6D, left panel) . In contrast, in the presence of overexpressed wild-type WWC1, the level of endogenous AMOTL1 remained constant over a period of 4 hours of cycloheximide treatment, which supports the stabilizing effect of WWC1 (Fig. 6D, right panel) .
Nedd4 E3 ligases mediate the polyubiquitination of AMOTs as a crucial step within the proteasomal degradation process. (40) To discover whether AMOTL1 ubiquitination is inhibited in the presence of WWC proteins, inducible WWC1-overexpressing HEK293T cells were transiently cotransfected with constructs encoding enhanced green fluorescent protein (EGFP)-tagged AMOTL1 and HA-tagged ubiquitin. Lysates of control and induced HEK293T cells were used for immunoprecipitations (GFP Trap). Analysis of immunoprecipitates revealed that EGFP-AMOTL1 was less ubiquitinated in the presence of overexpressed WWC1 (Fig. 6E ), in agreement with the assumption that WWC1 negatively regulates the ubiquitination of AMOLT1 and thus prolongs its half-life.
Discussion
The findings presented in this study support a molecular model in which WWC proteins regulate liver cell proliferation and differentiation through Hippo pathway regulation and accumulation of phosphorylated YAP in the cytosol (Fig. 7, left panel) . In addition to the canonical pathway through LATS, WWC proteins control hepatic YAP activity noncanonically through AMOTs that anchor YAP in the cytosol. Genetic ablation of WWC proteins both reduces LATS kinase activity and diminishes AMOT protein levels in liver cells (Fig. 7, right panel) . Consequently, accumulated nuclear YAP interacts with TEAD to stimulate transcription of target genes. 2) . Analysis of immunoprecipitates after a GFP Trap revealing a reduced ubiquitination of AMOTL1 in the presence of overexpressed WWC1 (lanes 3 and 4) .
In addition to the regulation at the mRNA transcriptional level, the intracellular concentration of AMOTS is controlled by E3 ubiquitin ligase-mediated proteasomal degradation. WWC proteins may compete with the E3 ligases for stabilization or proteasomal degradation of AMOTs leading to different fates. Thus, although inhibition of Hippo signaling in the dKO livers results in a YAP-mediated increase of AMOT mRNA expression, its protein level within hepatic cells is low due to enhanced proteasomal degradation in the absence of stabilizing WWC proteins (Fig. 7) .
The size and architecture of the mammalian liver is controlled by the tightly regulated differentiation and proliferation of hepatic cells. (41) In this context, hepatic progenitor cells that arise from hepatocyte transdifferentiation have an important function in that they regulate the cell composition, overall organ size, and tissue regeneration. (42) In a normal liver, their number is relatively low, but inhibition of Hippo signaling (e.g., in the liver of WWC knockout mice) and subsequent enhanced cotranscriptional activity of YAP have been shown to induce hepatocyte transdifferentiation and increased proliferation of immature BEC-like progenitor cells. Here, we provide evidence that due to loss of hepatic WWC expression, these progenitor cells can go on to form immature bile ducts and promote carcinoma development. (43) In wild-type mouse liver, we detected a moderate expression of WWC1 and WWC2 in different hepatic cell types (Fig. 1) . Surprisingly, the knockout of either WWC gene alone did not lead to enhanced cell proliferation or liver overgrowth in vivo (23) (Supporting Fig.  S3 ). This finding suggests that WWC1 and WWC2 fulfill redundant functions in hepatic cells. The simultaneous loss of WWC1 and WWC2, on the other hand, leads to an increased number of BEC-like cells, whereas the proliferation rate of mature hepatocytes seems to be unaffected (Fig. 3A,B) . The accompanying increase in the expression of BEC markers such as Krt19, Hnf1b, and Sox9 confirmed this observation (Fig. 3C) . Interestingly, the liver tumors observed in 12-month-old dKO mice displayed characteristics of both hepatocellular carcinoma and cholangiocarcinoma (Fig. 2C/D) . It is worth noting that a similar intermediate phenotype of hepatic carcinoma was recently reported for mice with a liver-specific ablation of another Hippo pathway upstream regulator, Salvador. (17) The published reports on the role of WWC proteins in tumor formation are contradictory. As shown earlier, WWC1 acts as a tumor promoting gene in prostate cancer. (44) Furthermore, high-level expression of WWC1 correlates with poor prognosis and lymphatic invasion in gastric cancer. (45) In contrast, repression of WWC1 expression is linked to the formation of osteosarcomas, WWC2 expression is low in human liver cancer, and WWC3 expression is impaired in lung cancer. (46, 47) Our dKO mouse models clearly support the model notion that WWC proteins act as tumor suppressors in mammalian organs. However, large epidemiological studies will be necessary to further elucidate the context-and cell type-dependent function of the single WWC proteins in human cancers.
Interestingly, in parallel with organ overgrowth due to impaired Hippo signaling, we observed an activation of the inflammation-fibrosis axis in WWC-deficient dKO livers (Fig. 5) . Due to loss of WWC protein expression, enhanced YAP cotranscriptional activity obviously triggers Notch and TGF b signaling, activates myofibroblasts, and initiates infiltration of inflammation-associated macrophages. These findings further support a model describing a molecular crosstalk between the Hippo pathway, cell proliferation, inflammatory processes, and fibrosis, which ultimately leads to the formation of a protumoral microenvironment crucial for the initiation of liver carcinoma. (36) In conclusion, the data presented here elucidate the in vivo function of WWC proteins as important suppressors of YAP-mediated cell proliferation and tumor formation in mammalian liver.
